Cystatin C is a cysteine protease inhibitor that is produced by nearly all human cells. The serum level of cystatin C is a stronger predictor of the renal outcome and the risk of cardiovascular events than the creatinine level. The resistive index (RI) on renal Doppler ultrasonography is a good indicator of vascular resistance as well as the renal outcomes in patients with chronic kidney disease (CKD). However, it is unclear whether serum cystatin C is associated with signs of vascular dysfunction, such as the renal RI. We measured the serum cystatin C levels in 101 CKD patients and investigated the relationships between cystatin C and markers of vascular dysfunction, including the renal RI, ankle-brachial pulse wave velocity (baPWV), intima-media thickness (IMT), and cardiac function. The renal RI was significantly correlated with the serum cystatin C level (p < 0.0001, r = 0.6920). The serum cystatin C level was found to be a significant determinant of the renal RI (p < 0.0001), but not the baPWV, in a multivariate regression analysis. The multivariate odds ratio of the serum cystatin C level for a renal RI of more than 0.66 was statistically significant (2.92, p = 0.0106). The area under the receiver-operating characteristic curve comparing the sensitivity and specificity of cystatin C for predicting an RI of more than 0.66 was 0.882 (cutoff value: 2.04 mg/L). In conclusion, the serum cystatin C level is an independent biomarker associated with the renal RI in patients with CKD.
Introduction
Cystatin C is a non-glycosylated 13-kD protein that is a cysteine protease inhibitor. It is a member of the human cysteine superfamily and is stably produced by all human nucleated cells [1, 2] . The serum cystatin C level has no association with age, sex, and muscle mass; thus, it has been hypothesized that the serum cystatin C level is a superior marker of the glomerular a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 filtration rate (GFR) to the serum creatinine level [3, 4] . Regarding cardiovascular events, cystatin C has reported to be a strong predictor of the risk of all-cause mortality and cardiovascular events [1, 5] . Furthermore, in patients with hypertension, cystatin C is related to the left ventricular mass and could be a marker of cardiac hypertrophy [6] .
Renal Doppler ultrasonography is a noninvasive method of obtaining the information of vascular dynamics in various renal diseases. While the diagnostic cogency of Renal Doppler ultrasonography in renal parenchymal disease (in comparison to percutaneous renal biopsy) is still under debate, recent studies have shown that the renal resistive index (RI) is correlated with tubulointerstitial lesions and vascular lesions in the kidney [7] [8] [9] [10] . The renal RI is a simple parameter that is calculated as follows: [(peak systolic velocity-end diastolic velocity)/peak systolic velocity] [11] . Previous reports have shown that the renal RI is associated with the renal prognosis [9, [12] [13] [14] . The RI is thought to be a good indicator of renal vascular resistance and an increased renal RI as evaluated by the pulse wave velocity [15] , the common carotid intima-media thickness [16] , and the diurnal change of blood pressure [17] is associated with systemic atherosclerosis. Furthermore, the renal RI has reported to be a predictor of cardiovascular events [18, 19] .
We hypothesized that serum cystatin C is a significant biomarker associated with the renal RI. Thus, this study investigated the relationships between the serum cystatin C level and markers of vascular dysfunction, including the renal RI, ankle-brachial pulse wave velocity (baPWV), intima-media thickness (IMT), and the cardiac function in human subjects with CKD.
Methods

Subjects
Our study includes patients who were admitted to the Renal Unit of Okayama University Hospital and that of Kochi Medical Center. We diagnosed all of the patients with CKD based on the National Kidney Foundation K/DOQI guidelines [20] . We carried out all procedures in the present study according to institutional and national ethical guidelines for human studies and the guidelines outlined in the Declaration of Helsinki. This study was approved by the ethics committee of Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences (No. 1063 and 1585). We obtained written informed consent from all subjects. This study was recorded with the Clinical Trial Registry of the University Hospital Medical Information Network (registration number UMIN 000014329).
Laboratory measurements
We ran blood examination of all subjects under standardized conditions. The creatinine, hemoglobin, total cholesterol, low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, protein, albumin, calcium, phosphate, uric acid, HbA1c and BNP levels were quantified by the standard techniques. A 24-h urine sample was collected to determine albuminuria. We calculated the eGFR according to the simplified version of the Modification of Diet in Renal Disease (MDRD) formula [eGFR = 194× (sCr) -1.094
The serum cystatin C level was quantified by an immunologic turbid metric assay (Nescoat GC Cystatin C; Alfresa Pharma, Osaka, Japan) [22] , and the serum intact PTH levels were measured using an electro chemiluminescence immunoassay (LSI Medience Corporation, Tokyo, Japan).
Aloka, Tokyo, Japan). The renal length was defined as the maximum longitudinal axis. Intrarenal Doppler signals were received from the interlobar arteries at the corticomedullary junction. We examined the peak systolic velocity (Vmax) and the minimal diastolic velocity (Vmin) and calculated the RI (peak systolic velocity minus minimum diastolic velocity/peak systolic velocity) using four measurements (two from each kidney). Measurements were performed by two expert nephrologists who had been blinded to all other information concerning the subjects. We defined the independent risk factors for the progression of CKD in accordance with a previous study that showed that the median RI was a predictor of the cardiovascular and renal outcomes [18] . Since no statistically significant differences were recognized in the RI values of the right and left kidneys, we used the mean RI of the right and left kidneys for the subsequent analyses.
Measurement of the ankle-brachial pulse wave velocity (baPWV). Pulse wave velocity (PWV) measurements were obtained using an automatic device (FORM/ABI; Colin, Komaki, Japan) after the subjects had lain at rest in their beds for at least five minutes, as previously described [23, 24] . This device provides recording of the baPWV and the brachial and ankle BPs on both sides simultaneously. We determined that the subjects with a baPWV of ! 1400 had arterial sclerosis, since a baPWV of ! 1400 cm/s has been reported to be an independent predictor of the risk of atherosclerotic cardiovascular disease [25] . The office blood pressure was also measured.
Measurement of the intima-media thickness. We performed ultrasonography of the carotid artery using a high-resolution real-time scanner with a 7.5-MHz transducer. The measurement of the carotid IMT on both side was conducted in the supine position. We scanned the carotid artery and defined the thickest point as maximum IMT value in the longitudinal and transverse directions, as previously described in detail [23, 24] . We designated those subjects with an IMT of !1.1 mm to have atherosclerosis based on atheromatous plaques, since a previous study showed that the normal limit of IMT is 1.0 mm [26] .
Echocardiography. We performed Echocardiographic studies by a cardiac ultrasound unit with a 2-to 3.5-MHz sector transducer, as previously described [27] . Measurements were performed by echocardiologists who had been blinded to all other information concerning the subjects. Standard cardiac echography of the two-dimensional parasternal long-axis and apical four-chamber views was performed in all patients, with images taken based on the guidelines of the American Society of Echocardiography [28] . The ejection fraction (EF) and the early peak diastolic annular velocity of mitral valves (e') were measured. Diastolic dysfunction was defined as e'< 8 cm/s according to the definition of a previous study [29] .
Statistical analyses
We expressed non-continuous variables as the median (interquartile range) and continuous variables as the mean ± standard deviation (SD), as appropriate. If P values were < 0.05, the difference was considered statistically significant. The differences between groups were analyzed using Student's t-test and the Mann-Whitney U-test, as appropriate. A multivariable logistic regression analysis with a simultaneous procedure was performed to identify the independent risk factors for RI elevation. We presented the P values, odds ratios (ORs) and corresponding 2-sided 95% confidence intervals (CIs) for the predictors. A receiver operating characteristic (ROC) curve analysis was performed to confirm the diagnostic efficacy of the variables, and the area under the curve (AUC) was calculated. We performed the statistical analyses using the JMP software program (version 11; SAS Institute Inc., Cary, NC, USA). Table 1 shows the baseline characteristics of the study population. One hundred one CKD patients with a median age of 57.0 (42.0-68.8) years were recruited in the study. The causes of Since the underlying causes vary for various CKD including glomerulonephritis, nephrosclerosis, and diabetic nephropathy, we further analyzed the data separating the groups based on various CKD conditions (S1 Table) . The RI value in patients with diabetic nephropathy was higher than that in patients with glomerulonephritis or nephrosclerosis. We also analyzed the limiting data on patients without CKD as a control and confirmed the renal RI in non-CKD control group was significantly lower than that in patients with CKD (S2 Table) .
Results
Patient characteristics
The correlations between the resistive index and the clinical and laboratory Indexes, and markers of systemic atherosclerosis
A univariate analysis revealed a significant negative correlation between the RI, as detected by Doppler echography, and the eGFR (P < 0.0001, r = -0.6062; Fig 1B) ; similar findings have been reported in CKD patients [30, 31] Significant correlations were also observed between the RI and age (P < 0.0001, r = 0.5404; Fig 1A) , albuminuria (P = 0.0100, r = 0.2902; Fig 1C) , cystatin C (P < 0.0001, r = 0.6920; Fig 1D) , baPWV (P < 0.0001, r = 0.4410; Fig 1E) , and maximum IMT (P = 0.0005, r = 0.3538; Fig 1F) . According to the cause of CKD, significant correlations were also observed between the RI, eGFR, and serum cystatin C in glomerulonephritis or nephrosclerosis group (S3 Table) .
The multivariate analysis of the determinants of the RI Table 2 shows separate multivariate analysis models for the RI. After adjustment for age, gender, blood pressure (systolic and diastolic), and eGFR, the factors that were expected to influence the RI were albuminuria in the CKD model; baPWV and max IMT in the CVD model; and cystatin C in the biomarker model. The RI was significantly associated with the max IMT (P = 0.0143), e' (P < 0.0001), cystatin C (P < 0.0001), and serum phosphate (P = 0.0093) values. Next, in the multivariate logistic regression model, cystatin C was significantly associated with higher odds of having an RI value of > 0.66 after adjustment with gender, blood pressure, and albuminuria (Fig 2) . The odds ratios (ORs) for age (per 10-year increase) and cystatin C (per 0.5 mg/L increase) were 2.46 (95% CI: 1.36 to 5.16) and 2.92 (95% CI: 1.47 to 7.60), respectively (Fig 2) . However, the odds ratios for the baPWV and the mean IMT were not significant (S4 and S5 Table) .
The cystatin C level significantly increased in CKD patients with an RI of ! 0.66 Fig 3 shows the ROC curves comparing the sensitivity and specificity of cystatin C (Fig 3A) , albuminuria (Fig 3B) , BNP ( Fig 3C) and e' (Fig 3D) for predicting an RI of 0.66. The AUC values of the ROC curve, when cystatin C, albuminuria, BNP, and e' were used to detect an RI of ! 0.66, were 0.882 (P < 0.0001), 0.705 (P = 0.0012), 0.865 (P < 0.0001), and 0.722 (P = 0.0007), respectively. Thus, the AUC for cystatin C was the greatest in this model. For comparison, S1 Fig shows the ROC curves comparing the sensitivity and specificity of cystatin C for predicting a max IMT of 1.11 and a baPWV of 1400. The AUC values for the ROC curve, when cystatin C was used to detect a max IMT of !1.1 and a baPWV of ! 1400 were lower than those for an RI of ! 0.66. Serum cystatin C and resistive index
Discussion
In the present study, we measured the renal RI, markers of vascular dysfunction, including the baPWV and max IMT, and the cardiac function. Furthermore, we determined the relationships between the serum cystatin C level and markers of vascular dysfunction, including the renal RI, baPWV and max IMT, and the cardiac function in CKD patients. The serum cystatin C level is significantly correlated with the renal RI but not with other signs of vascular dysfunction, such as the baPWV or maximum IMT in multivariate models. Since no reports have described the relationship between serum cystatin C and renal RI in CKD patients, we believe this is the first study to show that serum cystatin C is an independent biomarker associated with the renal RI in patients with CKD. Consistent with previous studies [15, 16, 32 , 33], we found that the renal RI was correlated with age, eGFR, SBP, albuminuria, baPWV, and max IMT in CKD patients. Recently, numerous studies have reported that the RI may be a significant predictor of cardiovascular and renal outcomes [14, 18] . These results suggest that an increase in the renal RI of the intrarenal vasculature reflects a generalized increase in arteriosclerosis and a widening of the pulse pressure.
Furthermore, the renal RI was correlated with the serum cystatin C level in this study. Although the serum cystatin C level was correlated with age, eGFR, albuminuria, and baPWV, as previously reported [34, 35] , a multivariate analysis revealed that the serum cystatin C level was also a significant predictor of the renal RI in a biomarker model after adjustment for age, gender, blood pressure, and the eGFR. In addition, the multivariate odds ratio of the serum cystatin C level for a renal RI of 0.66 (the median value that predicts worse renal outcomes [18] and that is higher than a renal RI of 0.60 in non-CKD controls), was significant. However, the odds ratios of the serum cystatin C level for other systemic atherosclerosis indexes, including the baPWV (ORs = 1.13, P = 0.6317) and the max IMT (ORs = 1.09, P = 0.7657), were not significant.
A recent study reported that the number of patients needing renal replacement therapy is increasing [36] . End-stage kidney disease is a leading cause of morbidity and mortality worldwide; thus, it is important to detect a biomarker of both the renal outcome and mortality. In addition, cardiovascular disease is frequently associated with CKD, which is important, since individuals with CKD are more likely to die of cardiovascular disease than to develop kidney failure. Indeed, the term "cardiorenal syndrome" has been increasingly used, and a new classification was proposed because a large proportion of patients admitted to hospital have various degrees of heart and kidney dysfunction [37] . As previously reported [13, 18, 19] , the renal RI predicts the renal prognosis, cardiovascular events, and death in CKD patients. Moreover, the cystatin C concentration predicts all-cause and CVD mortality in patients with CKD [5, 38] , and cystatin C might be a biomarker of cardiac dysfunction and hypertrophy [6, 22] . Thus, once a patient is diagnosed with CKD, the measurement of both the RI and the serum cystatin C level appears to be useful for predicting the renal outcome, cardiovascular damage, and the risk of cardiovascular events. Our findings provide valuable insight into the relationship between the cystatin C level and a renal RI of 0.66 (the median level at which worse renal and cardiovascular outcomes are predicted [18]). We reported that the cystatin C level could predict this RI value in patients with a moderate degree of accuracy (AUC = 0.882, Cut off cystatin C value: 2.04mg/L). Incidentally, the AUC values of albuminuria and BNP for predicting this value (RI 0.66) were lower than the AUC of cystatin C.
Our study is associated with some limitations and strengths that should be kept in mind when interpreting the results. First, the cross-sectional nature of our observations precluded making any inferences with regard to cause and effect in the relationship between the serum cystatin C level and the renal RI in CKD patients. Secondly, we could not adjust the drugs that may affect the serum cystatin C concentration (i.e., corticosteroids). However, this weakness was-in part-offset by the timing of the measurement because we examined the serum cystatin C level earlier than initiation of immunosuppressive therapy or in the predialysis stage. Thus, most of the participants were not using these drugs. Thirdly, the number of subjects in this study was relatively small. Fourthly, we did not evaluate the intrarenal venous flow patterns with renal Doppler ultrasonography, which was recently suggested to be associated with cardiovascular mortality in patients with heart failure [39] .
In conclusion, the serum cystatin C level is independently associated with signs of vascular dysfunction, such as the renal RI in patients with CKD. Recent studies indicate the prognostic significance of the renal RI after renal artery angioplasty and stenting for atherosclerotic renal artery stenosis [40] or for flash pulmonary edema [41] . Further study to elucidate whether or not serum cystatin C can replace the renal RI in such clinical settings would be of interest. 
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